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A bearingless brushless direct current (BLDC) motor incorporates the 
function of magnetic bearings into a BLDC motor, making it a new type of 
high-performance motor. In this paper, the main motor windings are used to 
generate the radial force cancellation by injecting the required dc current, 
“integrated winding configuration”. The bearingless BLDC motor, direct 
current (DC) cancellation system model is established with the aid of 
(ANSYS/MAXWELL) software. The simulation results confirm that the 
rotor radial force is approximately zero and results from a balanced 
distribution of the magnetic flux density. The proposed DC excitation 
system is suitable to realize the rotor radial force cancellation in the 
bearingless BLDC motor. The simulation results of the proposed 
configuration show the approach of integrating winding configuration at 
different active pole positions to find the more efficient suspension 
performance and reduce the suspensions system current. 
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1. INTRODUCTION 

Bearingless motors are a modern version of electric motors for high-speed applications. The main 
function of bearingless motors operation is the radial force. It is very important to make this force balance in 
all rotor positions. There are two main techniques for radial force cancelation, these are: separated winding 
configuration and integrated winding configuration. The second one is covered in this work, in which the 
torque winding and suspension force windings are combined in the same stator slots to generate 
simultaneously the electromagnetic torque and radial suspension force [1]. 

In comparison with a magnetic bearing machine, bearingless motors feature shorter rotor shafts and 
more incredible critical speeds and they are suitable for super high-speed applications due to the advantages 
of low friction losses, no lubrication need, no vibration noise, and long life [2]-[4]. Bearingless machines 
solve the limitations of axial length, large-volume motors, complex system structure, and the high cost of 
pure magnetic bearings. The main challenge of these machines is the rotor radial force which creates 
magnetic pull-out force and vibration, especially at high-speed rotation, resulting in extra mechanical losses 
and bearing reliability degradation; therefore, the resultant radial force of the rotor must be minimized or 
canceled to zero at the equilibrium position for rotational motion [5]-[7]. The interaction between the rotor 
magnets and the stator armature core are the main sources of the radial force. The radial force disappears 
when the symmetric stator is designed with an even number of stator slots [5]. In an integrated winding 
configuration, the cancellation current and the motor current are passing through the same winding in the 
stator slots. So that, the distribution of air-gap flux density results from the magnetic flux of the suspension 
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current and the motor torque current is symmetric. As a result, a force of levitation is created. The rotor shaft 
is suspended in the air gap without mechanical contact, and the rotor rotates without hitting the bearing 
surface [8], [9]. 

The applications of bearingless brushless direct current (BLDC) motors have been extensively 
researched in many fields, such as blood pumps [10], Flywheel energy storage [4]. The rotor radial force can 
be minimized by selecting the proper slot/pole combination. The most common divisor (MCD) is the main 
indication for the required slot/pole combination. A higher even MCD number gives a higher number of 
symmetrical sectors for the machine, and as a result, a balance radial force with a lower magnitude will 
obtain [5], [11], [12]. In this paper, integrated winding configuration has been implemented with a 12/8 
slot/pole combination. The radial force has been analyzed and calculated to find the required generated force 
for radial force cancellation in the motor. 

The most recent studies about bearingless BLDC motor. Qin and Zhu [13] introduces the 
mathematical model of levitation forces, which shows that the levitation forces are independent of the torque. 
To reduce cogging torque and increase motor performance, adjustments are carried out for its primary 
parameters. The torque and levitation forces can be designed independently and controlled with the high 
precision control system. In addition, the bearingless BLDC's basic structure and operation concept are 
analyzed in detail. Tu et al. [14] introduces the composition of an inner stator winding for levitation force and 
outer stator windings for the torque. The mathematical model of the levitation forces is deduced, and the 
optimizations are carried for its main parameters to minimize the cogging torque and improve the motor 
performance. The simulation results confirm that the motor has superior decoupling characteristics compared 
with the double-winding motor. 

This paper aimed to analyze and calculate the cancelation of radial forces results from unbalanced 
air gap flux density distribution, the eccentricity rotor condition, and high-speed of the rotation. Therefore, 
the resultant radial force of the rotor must be approximately equal to zero at the center (normal) position for 
the rotational movement speed where using integrated winding configuration by generating direct current 
(DC) to radial forces cancellation. This integrated winding configuration is used to generate the torque and 
suspension force of the motor has the advantage of more efficient suspension performance and reduce the 
current, is less expensive, and the cancellation radial force distribution is better than suspension fixed coils. 
The article is organized as follows: section 2 introduces the radial force calculation. Section 3 presents a 
technique of the cancellation radial force. Section 4 illustrates the results, and section 5 summarizes the 
conclusion. 


2. CALCULATION OF RADIAL FORCE 

In the electrical motors, appearance of the radial force is associated with the generation of 
electromagnetic torque. In bearingless motor applications, cancelation of the radial force requires calculating 
the radial forces that affect the motor rotor [15]. The magnitude and direction of radial forces is highly 
dependent on the position of the rotor inside the air gap, therefore it is necessary to evaluate the length of the 
air gap at eccentricity condition. 


2.1. Analytical calculation of radial force 

Maxwell’s stress tensor principle is used to calculate the magnetic forces or torque for any electrical 
machine. The idea is based on Faraday’s assertion according to which stress happens in the flux lines. The 
tangential and normal components of the flux density can be obtained. With the Maxwell stress method, 
normal and tangential flux density components must be known in all points along the closed line in the air 
gap, and the tangential and normal forces at each point in the air gap region have been calculated using (1) 
and (2). The components of stress are based on field components. 

1 


fe = = (B)(Bq) (1) 


Tio 
fn = zz [(Bn )? - (Be)? ] 2 


where fẹ and fn are normal and tangential force density (N/m) respectively, B, and B,are normal and 
tangential flux densities (tesla). The total normal and tangential forces value can be calculated from (3), (4) 
along the air gap line. Specifically, the overall normal and tangential force/length at a single rotor position 
can be expressed as: 


P 7-2 
Fe = S fi (@IR-de, (3) 


~ 2 
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where P is a number of poles, l is the axial length of the machine (mm), and Rọ is the radius of the contour 
(mm). The following relationship can calculate the total torque production: 


T= ral [(r x B)(B.n) — +B? (r x n)]ds (5) 


where B is the flux density vector (tesla), n is the normal unit vector in the elements, r is the rotor radius 
(mm), ds is the surface of the element, and po is the magnetic permeability (H/m) [16]-[18]. 


2.2. Variation of air gap length under rotor eccentricity condition 

Figure 1 shows the resultant radial force under rotor eccentricity conditions. The magnitude and 
direction of the resultant radial forces result in the direction of 0. Assume the normal distance between the 
rotor and stator bore is gy. If the rotor moves from the stator center are x and y, the air gap length g at 
eccentricity is (6): 


g = go — xcos(Ps) — ysin(@s) (6) 
The calculation of the air gap permeance Po at an angular position @, is (7): 


— HRI = JZ gj 
PO(g,) = : (1 + z COS Ps + z Sin Ps) (7) 


0 


where R is the rotor radius [19], [20]. 


Figure 1. Rotor eccentricity with air gap length variation 


3. RADIAL FORCE CALCULATION METHOD 

The rotational radial force can be controlled by generating an opposite force or “cancellation force”. 
This cancellation force can be controlled by controlling a DC excitation current in each pole independently. 
Furthermore, because radial force is a function of rotor position, radial force management necessitates varying 
the excitation current and polarity with rotor position [21]. This paper proposes a DC excitation scheme for the 
radial force control of the 12/8 pole bearingless BLDC for blood pump application. By proper distribution of the 
pole's current in the exciting windings, the required DC can be produced for radial force cancelation. 

In integrating winding configuration, one coil is employed in each slot to generate torque and 
suspension force. For the motor torque generation, the machine has been supplied by a 3-phase current 
source. Figure 2 shows the three-phase winding connection sequence. The suspension current is supplied by a 
DC excitation source. In such configuration, the accuracy is higher, more efficient suspension performance, 
and the cancellation radial force distribution is better than a separated winding configuration [22]-[24]. 

Two methods have been used to cancel the radial forces. The first method is the use of four- 
suspension poles, the second is the use of all-suspension poles to cancel the radial forces and to get a 
balanced suspension rotor in the air gap. Figure 3(a) shows the first method, of 12/8 poles bearingless BLDC 
motor for radial force cancellation using four-poles to produce the suspension forces. Only the coils of the 
pole (1,4,7,10) are active for DC exciting current, and it is assumed that the currents in all coils in the (12) 
stator poles can be controlled independently. Let the coils of phase C be used for the DC exciting current. 
Where the poles currents are i,,, i-2, i¢3, and i,4 respectively, and 6, is the rotor angle. The step rotation 
angle of this bearingless BLDC is (22.5) mechanical rotor degrees to obtain results with change D.C polarity 
every step. The radial force in the BLDC motor is analyzed by taking the force generated with one pole. The 
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overlap area, as well as the non-overlap area of the stator tooth the flux passes through them because of the 
fringing effect as shown in Figure 3(b). The radial force in the motor can be analyzed by considering the 
force generated with a four-poles. The inductance can be expressed as (8), 


LigN71RO@,5 
Le = 
2(lg+lm) 


+ N?KfOno (8) 


where Ho is the permeability of air, N is the number of coil turn, Ky is a constant for the fringing inductance, 
I, is the air gap length, lm is the permanent magnet thickness, 6, and Ono are the overlapping and the non- 
overlapping angle, respectively. The radial force Fçı and torque T¢; in one pole can be expressed as (9). 


Fo, = Vas (9) 
1.3 ity 
To = Ae (10) 


Rotor pole 


(b) 


Figure 3. Four-suspension poles of bearingless BLDC motor (a) Overview and (b) pole (C3) 


Since (lg + lm) is fixed, by neglecting the fringing flux Fç, can be simplified as (11), 


Lc _ HoN?IROo «2 


eg a2 x Ki2 
Fo * 31 C1 (Ig+lm) ~ (gti) c1 © Kpi*ci (11) 
2 
where Kp = Sane [21]. In (11) shows that the radial force's capacity is approximately proportional to the 
Em 


square of the DC excitation and inversely proportional to the squared air gap length. It's also influenced by 
rotor angle. The total radial forces are equal to the vector summation of the forces produced by all the 
exciting poles. Note that for each pole the direction of the radial force depends on the polarity of the D.C 
excitation [19], [21]. The resultant radial force in the x-and y-axis is: 
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Fy ~ Fey + Fes = Kp(i?c1 + ics) (12) 


Fy = Fez  Fe4 = Kp(i?¢2 + i*ca) (13) 


The second method, integrating winding configuration shown in Figure 4, the all-suspension poles are using 
to cancellation by the same principle of four-suspension poles equations but all poles are active that requires 
minimum consumption cancellation DC and more efficient suspension performance and accuracy. 


Figure 4. All-suspension poles method 


4. RESULTS AND DISCUSSION 

To effectively verify the integrated winding configuration, a BLDC blood pump bearingless motor 
is simulated and analyzed by using (ANSYS/MAXWELL) software. The main parameters of the bearingless 
motor are listed in Table 1 [25]. The instantaneous and R.M.S values of the generated torque are shown in 
Figure 5. The waveform of the 3-phase stator current with R.M.S values is shown in Figure 6. During one 
rotation cycle, to analyze the distribution of radial forces of the motor, 2-D analysis is performed every (22.5) 
mechanical degree. 
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Figure 5. Instantaneous and R.M.S torque 


Table 1. BLDC motor parameters [25] 


Parameters value Parameters value 
Number of phases 3 Stator inner diameter 26 mm 
No-load speed 750 rpm No. of poles 8 
Axial length 10 mm Pole embrace 0.95 
Air gap length Imm PM thickness 1.5 mm 
No. of slots 12 Rotor outer diameter 24 mm 
Stator outer diameter 40 mm Rotor inner diameter 19mm 


Radial force cancellation of bearingless brushless direct current motor using integrated ... (Ali A. Yousif) 


84 m) ISSN: 2502-4752 


20 | — cureni si phase (A) 
== RMS Value | 


Winding Current (Amp) 


F | i | i | 
as 5 10 — a5 
Time (ms) 


— ourrent at phase (B) 
R.M.5 Value 


Winding Current (Amp} 


5 w 15 20 25 
lime (ms) 


20 — current al phase (C) 
==_R.M.S Value 


Winding Current (Amp) 


5 10 15 20 25 
Time (ms) 


Figure 6. 3-phase stator current waveform 


4.1. Cancellation of radial force by using four-suspension poles 

The suspension action here is performed by using only four-suspension poles, the axis of one pair of 
these poles is perpendicular to the axis of the other two poles. Now, by exciting each pair of the pole by 
appropriate DC current, the radial force is canceled to be about zero. When the rotor is positioned at the 
motor center and rotated by one cycle, Figure 7 shows the radial force without and with the suspension effect. 
The currents of the two-suspension pair of poles which required to cancel the radial force are listed in Table 2. 
Noted that the maximum value for cancellation current is (2.95) Ampere in coil (1,7) and (2.55) Ampere in 
coil (4,10). 


Table 2. DC excitation of four-suspension poles (the rotor at center) 


Rotor rotating Leoii(a,7) Leoil(4,10) Rotor rotating Leoii(1,7) Tcoil(4,10) 
mechanical angle(degree) (A) (A) mechanical angle(degree) (A) (A) 
22.5 0.11 0.07 202.5 -0.01 -0.12 
45 2.95 0.95 225 E53 255 
67.5 -0.1 -0.06 247.5 -0.11 0.06 
90 -2.95 -0.95 270 -1.85 -2.5 
112.5 -0.05 0.03 292.5 0.14 -0.09 
135 2.95 2.55 315 1.55 1 
157.5 -0.02 0.01 337.5 -0.12 0.055 
180 -3.1 -2.55 360 -1.98 -1.25 


Indonesian J Elec Eng & Comp Sci, Vol. 25, No. 1, January 2022: 79-88 


Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 Oo 85 


When the rotor is located at (0.1,0) mm away from the motor center in the x-direction, Figure 8 
shows the radial force values without and with the suspension effect. The currents of the two-suspension pair 
of poles which required to cancel the radial force are listed in Table 3. The maximum value for cancellation 
current is (751.7) Ampere in coil (1,7) and (453.5) Ampere in coil (4,10). 


Fr Without Cancellation) Fr With Cancellation (N) 
90 


5N 90 0.3N 
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Figure 7. Radial force vectors without and with cancellation by using four-suspension poles (the rotor at the 
center position) 
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Figure 8. Radial force values by using four-suspension poles, the rotor position is (0.1,0) mm 


Table 2. DC excitation values of four-suspension poles, rotor position is (0.1,0) mm 


Rotor rotating koia, I coit¢4,10) Rotor rotating koia,  Teoi(410) 
mechanical angle (degree) (A) (A) mechanical angle (degree) (A) (A) 
22.5 71 -39.6 202.5 72.8 -42.9 
45 -748 452.6 225 770 -430 
67.5 -72.8 43.5 247.5 -73 43.5 
90 757 -452.2 270 750.5 -451 
112.5 72.6 -43 292.5 72.7 -43 
135 -750.5 449 315 -751 452 
157.5 -73 43.2 337.5 -73 42.9 
180 751 -451.2 360 751.7 -453.5 


4.2. Cancellation of radial force by using all-suspension poles 

The suspension action here is performed by using all-poles. Now, by exciting each pair of the pole 
by appropriate DC current, the radial force can be reduced to about zero. When the rotor is located at (0.1,0) 
mm away from the motor center in the x-direction, Figure 9 shows the radial force without and with the 
suspension effect. The currents of the six-suspension pair of poles which required to cancel the radial force 
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are listed in Table 4. Noted that the maximum values for cancellation current are (31) Ampere in coil (1,7) 
and (46) Ampere in coils (2,8), (3,9), (4,10), and (85) Ampere in coils (5,11), (6,12). 

From Figure 7, it turns out that the radial forces have low values (about zero) when the rotor is at the 
center. From Figure 8, it can be familiarized that as the rotor is moved away from the center, the radial force 
will have high values. Of course, this appears on the value of the DC excitation required to achieve the 
cancellation of radial force. During one rotation of the rotor, it can be seen that the radial force is variable, 
the maximum value of radial force occurs when the rotor poles face the stator teeth. Therefore, the 
cancellation current must be changed accordingly. 

From Figure 7, it turns out that the radial forces have low values (about zero) when the rotor is at the 
center. From Figure 8, it can be familiarized that as the rotor is moved away from the center, the radial force 
will have high values. Of course, this appears on the value of the DC excitation required to achieve the 
cancellation of radial force. During one rotation of the rotor, it can be seen that the radial force is variable, 
the maximum value of radial force occurs when the rotor poles face the stator teeth. Therefore, the 
cancellation current must be changed accordingly. 
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Figure 9. Radial force values by using all-suspension poles, the rotor position is (0.1,0) mm 


Table 4. DC excitation values of all-suspension poles, rotor position is (0.1,0) mm 


Rotor rotating I coit (1,7) T coil (5,11) T coil (6,12) I coit (2,8) Toi 6,9) T coil (4,10) 
mechanical angle (degree) (A) (A) (A) (A) (A) (A) 
22.5 30.9 -41.9 41.9 -41.9 -41.9 -41.9 
45 0 85 -85 7 7 0 
67.5 -31.3 46.3 -46.3 46.3 46.3 46.3 
90 0 -85.3 85.3 -8.2 -8.2 0 
112.5 31.5 -45.9 45.9 -45.9 -45.9 -45.9 
135 0 85 -85 8.5 8.5 0 
157.5 -31.5 46.2 -46.2 46.2 46.2 46.2 
180 0 -85.3 85.25 -8.2 -8.2 0 
202.5 31.75 -45.7 45.7 -45.7 -45.7 -45.7 
225 0 85 -85 8.2 8.2 0 
247.5 -31.3 46.3 -46.3 46.3 46.3 46.3 
270 0 -85.3 85.3 -9.5 -9.5 0 
292.5 31.57 -46 46 -46 -46 -46 
315 0 85.3 -85.3 8.3 8.3 0 
337.5 -31.7 45.8 -45.8 45.8 45.8 45.8 
360 0 -85 85 -8.5 -8.5 0 


5. COMPARISON BETWEEN FOUR-SUSPENTION POLES AND ALL-SUSPENSION POLES 
TECHNIQUES 

To compare four-suspension poles and all-suspension poles techniques, Table 5 shows the DC 

cancellation current for different operating conditions. For all cases, the required current is less in all- 


Indonesian J Elec Eng & Comp Sci, Vol. 25, No. 1, January 2022: 79-88 


Indonesian J Elec Eng & Comp Sci ISSN: 2502-4752 o 87 


suspension poles methods, the percentage reduction in maximum current is between 36.5% and 88.9%. So, it 
can be said that although the all-suspension poles method is expensive and complex, it requires a power 
supply with a lower current rating. 


Table 5. Comparison between DC currents required for cancellation 
DC cancellation current (A) 


Rotor position (mm) Rotor rotating mechanical angle (degree) Four-poles suspension All-poles suspension 
Max. value Min. value Max. value Min. value 
(0,0) 22.5 0.14 0.01 0.06 0.04 
(0,0) 45 3.1 0.95 1.4 0.05 
(0.1,0) 22.5 73 39.6 46.3 30.9 
(0.1,0) 45 770 430 85.3 0 


6. CONCLUSION 

In this paper, the radial force of the (12/8) bearingless BLDC motor has been analyzed. Integrated 
winding configuration is considered where the same coil is used to generate motoring torque and to cancel 
the radial force. Cancellation of radial force has been achieved by using four suspension poles and all- 
suspension poles. At constant motoring motor current, the simulation results show that the radial force is 
varied with the rotor position and rotor rotating angle. Thus, there was a need to change the suspension 
currents to achieve the cancellation. The integrated winding configuration was found suitable to realize the 
radial force cancellation. Although the all-suspension poles method requires more complex connections, 
supplies, and control, the results of this method show the cancellation current is significantly less than the 
four-pole method. 
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